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This study investigates regeneration in mixed-species stands in the Acadian Forest of
Maine. We examined the effect of silvicultural intensity on available regeneration
substrates and how seedling-substrate relationships may be impacted by management
activities. Silvicultural treatments studied include two replicates each of 5-year selection,
20-year selection, commercial clearcutting (unregulated harvesting), and three replicates
of no management (defined as no harvesting for at least 50 years). We focused on red
spruce (Picea rubens Sarg.), eastern hemlock (Tsuga canadensis (L.) Carr.), balsam fir
(Abies balsamea L. Mill), and red maple (Acer rubrum L.); all four species are common
within the Acadian region.
Chapter 1 presents analysis of the availability of wood as a regeneration substrate
and the role that downed woody material plays in regenerating tolerant conifers and red
maple, a frequent competitor. Pieces of wood ≥ Decay Class III and ≥10 cm on one end
were studied. Area of wood substrate was greater in unmanaged stands than commercial
clearcuts (p=0.05). Seedlings < 1.3 m in

height were analyzed on wood and adjacent (paired) forest floor plots of equal area.
Spruce and hemlock seedlings were found at higher densities on wood than forest floor
plots, regardless of treatment. Decay Class IV and V wood supported the highest spruce
seedling densities; hemlock seedlings were well distributed across all three decay classes
studied. Conversely, fir and maple were less abundant on wood than forest floor plots in
unmanaged and selection stands, but more abundant (fir) or equally abundant (maple) on
wood relative to forest floor plots in commercial clearcuts. These findings suggest that
silvicultural treatment affects wood-seedling relationships, and support the conclusion
that management for hemlock and spruce in the Acadian Forest should include attention
to coarse woody material. This is particularly important in light of the fact that Decay
Class III through V wood represented a very small amount of available regeneration
substrate.
Chapter 2 expands the analysis to include regeneration on other substrates common in
the Acadian Forest, in addition to downed wood: mineral and organic soil, leaf litter, and
bryophytes. Ages of sampled seedlings (< 0.5 m in height) varied by species and
treatment; maximum ages exceeded 30 years for tolerant conifers in unmanaged and
selection stands. Unmanaged stands had the greatest area of downed wood substrate
(Decay Classes I through V combined) (p < 0.01); this is consistent with Chapter 1
findings for Decay Classes III through V.
Unmanaged stands and 20-year selection treatments also had the highest areas of
substrate occupied by liverworts, though both selection treatments had more area of
bryophytes and greater bryophyte diversity (p < 0.10). Area of hardwood leaf litter was
greatest in the commercial clearcut (p < 0.10), and area of conifer

litter was greatest in the unmanaged stands (p < 0.01).
Regression models and χ2 (chi-square) analysis suggested that bryophyte mats and
wood in advanced stages of decay are important factors influencing tolerant conifer
regeneration in unmanaged and selection stands. Commercial clearcuts, which appear to
have fewer local tolerant conifer seed sources, bryophyte mats, and advanced stages of
decayed wood, had very low red spruce and eastern hemlock seedling densities (p <
0.10). Balsam fir and red maple seedlings were present in all treatments, but appear to be
favored by conditions associated with greater harvesting intensity. No consistent
seedling-substrate relationships were recognized across treatments for balsam fir and red
maple.
This study indicates that silvicultural intensity affects substrates available for tolerant
conifer regeneration within the Acadian region. Treatments resulting in softwood
overstory composition, downed wood, and bryophytes are likely to favor spruce and
hemlock over competing balsam fir and red maple, though small-scale environmental
heterogeneity affects these relationships.
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Chapter 1
ROLE OF DECAYING WOOD IN REGENERATING EASTERN NORTHERN
CONIFER FORESTS
1.1 Introduction
Though tree mortality has traditionally been regarded as lost production in stands
managed for commodities (Hagan and Grove 1999), a number of studies have identified
important relationships between downed, decaying wood and tree seedling distribution.
This topic has been the focus of many studies in the Pacific Northwest (Sollins 1982,
Harmon 1987, Maser et al. 1988, Harmon and Franklin 1989, Keeton and Franklin 2005);
much of that research identified strong relationships between tree seedling distribution
and downed logs. For example, numerous studies from the Pacific Northwest have
reported regeneration in Picea-Tsuga-Thuja forests nearly exclusive (94 to 98 percent) to
woody material, though wood occupied a very small portion (6 to 14 percent) of the
forest floor (Christy and Mack 1982, Graham and Cromack 1982, Harmon et al. 1986,
Harmon and Franklin 1989). The importance of seedling-downed wood associations has
also been noted in the Lake States region (Eyre and Zilligitt 1953, Corinth 1999) and for
Rocky Mountain (USA) subalpine forests (Anderson and Winterton 1996). Within the
northern hardwood region of New York, McGee and Birmingham (1997) found a greater
density of red spruce (Picea rubens Sarg.) and yellow birch (Betula alleghaniensis Britt.)
seedlings on downed wood than nearby forest floor plots covering the same area.
Internationally, significant relationships between tolerant conifers and decaying wood
have been recorded in Japan (Takahashi et al. 2000, Narukawa and Yamamoto 2003),
Sweden (Hofgaard 1993), and Poland (Szewczyk and Szwagrzyk 1996).
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Observations predating modern research methods also suggest important seedlingwood associations for eastern North America. Knechtel (1903) noted near exclusive
eastern white pine (Pinus strobus L.), red spruce, and eastern hemlock (Tsuga canadesnis
(L.) Carr.) regeneration on wood within a series of quarter-acre plots in a 1901 timber
survey in the Adirondack Mountains, NY. Saplings arranged in rows also pointed to
evidence of seedling-wood associations. Though Knechtel (1903) observed that
regeneration of white pine, red spruce and eastern hemlock did occur on the forest floor,
it was limited to small, relatively rare areas of exposed mineral soil caused either by tree
tip-up mounds or on very steeply sloped and erosion-vulnerable sites. Similarly,
Westveld (1931) made note of balsam fir, red spruce and white spruce (Picea glauca
Moench (Voss)) regeneration on downed wood in a report on the pulp and paper lands of
the Northeast. Given that these were only observations, no statistical inferences can be
made. Further investigation is needed to gain a better understanding of forest understory
dynamics in the rich transition forests of the Northeast.
The forests of Maine include an overlap of tree species’ ranges from temperate and
sub-boreal climates. They were first described by Halliday (1937), who referenced the
maritime provinces of Canada, but it was Braun (1950) who expanded this definition to
include much of northern New England. Red spruce and balsam fir (Abies balsamea L.
Mill) are the signature species, red maple (Acer rubrum L.) is abundant, and eastern
hemlock is common in southern and central parts of the region. Red spruce and balsam fir
are considered important to the lumber markets within the Acadian region (Seymour
1992); eastern hemlock is noted primarily for its ecological values (Wydeven and Hay
1995, Brooks 1999, Williams and Moriarity 1999). Red maple is generally considered an
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inferior lumber species given its poor form and prolific stump sprouting (Walters and
Yawney 1990), but is an important competitor on many sites (Abrams 1998). A more
thorough understanding of regeneration dynamics of all four species has important
economic and ecological consequences; the use of wood as a regeneration substrate by
these species is the focus of this study.
The effects of complex factors such as site characteristics and forest management
history on the availability and use of wood for seedling establishment and growth are
poorly understood in the Acadian region. Objectives of this study were to determine
(1)

the effect of silvicultural treatment on available downed woody material
substrates for germination,

(2)

the use of decaying logs as a regeneration substrate by Acadian conifer
species,

(3)

identification of specific decay stages supporting high densities of tolerant
conifers, and

(4)

the influence of environmental variables on seedling-wood associations.

Maine forestland is a mosaic of management intensities. Recent data suggest that
95% of harvested acreage in the state was “partially harvested” (Maine Forest Service
2006). To include management implications in our study, we examined regeneration
microsites in partial cut (selection cut and commercial clearcut) as well as unmanaged
stands (defined as no harvesting within the past 50 years).
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1.2 Methods
1.2.1 Study Sites
Two replicates each of selection cutting on 5- and 20-year cycles, commercial
clearcutting, and no management (for ≥ 50 years) were investigated on the Penobscot
Experimental Forest (PEF) in the towns of Bradley and Eddington, Maine (Latitude:
N44° 52.862’; Longitude: W68° 38.882’). A third unmanaged stand on Lower Lead
Mountain Island (Latitude: N44° 51.452’; Longitude: W68° 10.374’) was sampled with
permission and cooperation from Sustainable Forestry Technologies, Inc. The
silvicultural treatments were applied by the U.S. Forest Service, Northern Research
Station as part of their long-term research; treatments were initiated between 1952 and
1957. Prior to 1950, land use activities on the PEF were not well documented, but
included a long history of periodic partial harvesting (Sendak et al. 2003, Kenefic et al.
2006). The selection stands are managed using the BDq (basal area (BA), maximum
diameter, q factor) approach (Guldin 1991) with entries on 5- and 20-year cycles,
resulting in ten and three harvests respectively. The commercial clearcut treatment is not
a silvicultural clearcut, but rather an unregulated, exploitative removal of all
merchantable timber. This treatment has been applied twice: in the 1950s and 1980s.
For all treatments, harvesting was conducted first with horses then rubber-tired
skidders and/or processors, and trees were delimbed with slash left in the woods.
Additional information about treatments can be found in Sendak et al. 2003. Mean BA, of
trees ≥ 2 cm in diameter at breast height as determined from prism plots sampled in this
study was 25.0 m2/ha in the 5-year selection, 29.2 m2/ha in the 20-year selection, and
23.9 m2/ha in the commercial clearcut. Historical changes in BA for each treatment
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illustrate the timing and intensity of harvests (Figure 1.1). Unmanaged areas on Lead
Mountain Island and outside the Forest Service’s experimental area on the PEF had BA
ranging from 43.5 to 52.1 m2/ha; no long-term inventory data are available for
unmanaged areas used in this study.
40
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Figure 1.1: Graphs of BA (m2/ha) before and after harvests for 5-year selection (SC05),
20-year selection (SC20), and commercial clearcut (CC) on the Penobscot Experimental
Forest (PEF). Treatments were not simultaneously administered, and inventories have
been standardized to reflect time since initial treatment. Treatment abbreviations apply
throughout. Data provided by the U.S. Forest Service.
1.2.2 Data Collection
Each stand was gridded on a 25-m interval and plots were randomly chosen for
sampling. At chosen grid locations, two of four 0.01-hectare plots (Plots A through D)
were sampled for downed wood in advanced stages of decay (Figure 1.2). The number of
plots sampled per treatment was area-dependent, with a goal of capturing 5 percent of the
stand.
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Figure 1.2 Schematic of plot design.
Table 1.1. Downed wood classification scheme (from Sollins 1982).
Class Description
Character

I

II

III

IV

V

Bark

Intact

Mostly
Intact

Sloughing
or absent

Detached
or absent

Detached
or absent

Heartwood
mostly
sound;
supports
own
weight

Heartwood
rotten,
does not
support
own
weight,
branch
stubs pull
out

None

Structural
Integrity

Sound

Sapwood
somewhat
decayed;
heartwood
mostly
sound

Branch System

Currentyear
twigs
present

Larger
twigs
present,
branch
system
entire

Large
branches
present,
longer
than log
diameter

Branch
stubs
present,
shorter
than log
diameter

Absent

Invading Roots

Absent

Absent

Sapwood
only

Throughout

Throughout
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A five-class decay classification system following Sollins (1982) was used, in which
ascending decay class corresponds to increased wood decay (Table 1.1). Pieces of wood
> Decay Class III (defined as bark sloughing or absent, advancing sapwood decay and
beginning heartwood decay) and ≥10 cm on one end were included in this study. The
length and width of logs or stumps matching these criteria were recorded and surveyed
for presence of tree seedlings; seedling species and height class were recorded. A paired
forest floor plot of equal area was established 1.0 m north of each log, and seedling
species and height class also recorded within that paired plot. Trees were assigned to one
of three height classes (Table 1.2) and densities calculated by regeneration substrate. The
third height class included all trees ≥ 1.3 m in height regardless of diameter. Only species
regenerating from seed were considered, and all sprout origin individuals eliminated from
analysis.
To determine the area for each piece of wood, logs were treated as elongated
trapezoids and stumps as ellipses. For the purpose of this study, we calculated twodimensional ground area covered by the woody material, not total surface area. The
equation used for log area was: Area = (Σ B1:B2 * L)/2, where B1 and B2 are end widths
of the log and L is length. The equation used for stump area was: Area = ½(A1) * ½(A2) *
п, where A1 represented the length of the shortest axis and A2 represented the length of
the longest axis. All units are square meters.
Table 1.2. Height classes used in sampling trees on paired wood-forest floor plots.
Height Class
1
2
3

Height
< 0.1 m
0.1 m to 1.3 m
≥ 1.3 m
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1.2.3 Environmental Variables
At plot center, slope and aspect (if slope was > 10 percent) were recorded, general
topography of the plot (flat, convex, or concave) was noted, and site class was assigned
based on depth to mottling (redoximorphic features) as determined from a soil
excavation. Site class was assigned using a modified version of the Briggs (1994) site
classification scheme (Table 1.3); site classes 1 and 2 under the original Briggs (1994)
scheme were combined for this study.
Table 1.3. Site class categories, modified from Briggs (1994).
Site Class

Description

Depth to Mottling as
Measured From Below
the O Horizon

1

Well to Moderately
Well Drained

> 16"

2

Somewhat Poorly
Drained

8"-16"

3

Poorly Drained

4"-8"

4

Very Poorly Drained

< 4"

Overstory BA was determined using a 10-BAF prism; all stems > 2 cm dbh in the
variable-radius plot were recorded by species and dbh. BA values were later converted to
metric units. Time since last harvest was determined from harvesting schedules
maintained by researchers at the PEF. Digital hemispheric photographs were taken at
three locations per grid point to determine overstory light conditions (expressed as
percent canopy closure) and analyzed with Gap Light Analyzer (GLA) software (Frazer
et al. 1999). As necessary, digital images were adjusted using Adobe® software and a
threshold of 170 pixels applied to all images in the GLA software. A complete list of
environmental variables considered in this study is shown in Table 1.4.
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Table 1.4: List of environmental variables considered in this study.
Environmental Variable
Percent Canopy Closure
Site Class
Topography
Time Since Harvest
Balsam Fir BA
Red Maple BA
Red Spruce BA
Eastern Hemlock BA
White Pine BA
Other Softwood BA
Other Hardwood BA

1.2.4 Statistical Analysis
One-way analysis of variance (ANOVA) was employed using SYSTAT (11.0)
software to determine if there were statistically significant differences in light availability
(percent canopy closure) and downed wood availability (m2/ha) among sampled
treatments. Means are presented with ± 1 standard error (SE). As necessary, post hoc
tests, using Bonferroni multiple comparisons, were applied to determine significant
differences between treatment means. Conclusions of statistical significance were
evaluated using α = 0.1 due to low replication (n = 2 for managed stands and n = 3 for
unmanaged stands).
A Wilcoxon Signed Rank Test (Devore and Peck 1997) was used to compare seedling
densities between paired downed wood and forest floor plots. SYSTAT (11.0) was used
for this analysis with α = 0.1 set a priori to confer statistical significance. Given the
relatively low seedling densities across all treatments for the third height class (≥ 1.3 m),
analyses were conducted on the first two height classes only.
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Nonmetric Multidimensional Scaled (NMDS) (McCune and Grace 2002) ordination
was applied to assess patterns in species composition among the sampled pairs of
microsites (forest floor and wood) plotted in multivariate species space. This analysis
allowed us to also evaluate how environmental factors relate to regeneration patterns. A
Bray-Curtis distance measure was used to address the presence of many zeroes in the data
set, and a random configuration was used. NMDS was run using 100 iterations with a
Kruskal’s NMDS algorithm. Three dimensions were used for all analysis based on the
reported stress values, where stress values < 20 are considered good model fits and those
> 20 are poor fits to the model (McCune and Grace 2002). Analysis was done using the R
statistical package (2007). The influence of environmental variables on regeneration
patterns was evaluated through a biplot and assessment of a reported D2 value, where D2
values are interpreted as the amount of variance explained by each parameter (Roberts,
n.d.), and variables with D2 values ≥ 0.5 were considered potentially important. To be
considered for analysis in NMDS, plots must have contained at least two species or
representatives from two height classes to ensure adequate sample size. Plots not meeting
this criterion were excluded from analysis.
1.3 Results
1.3.1 Treatment Effect on Downed Wood Substrate Availability
Average area covered by downed wood ≥10 cm on one end in advanced stages of
decay (Decay Class III through V) ranged from 62.2 ± 8.7 m2/ha in the commercial
clearcut to 114.8 ± 16.4 m2/ha in the unmanaged areas (Figure 1.3). The amount of Decay
Class V wood was most variable among treatments, covering only 7.3 ± 2.8 m2/ha in the
20-year selection treatment but 63.1 ± 12.9 m2/ha in the unmanaged areas. Though
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downed wood in advanced stages of decay represented a very small amount of available
substrate (approximately 1-2 percent), there were significant differences (p= 0.060) in
wood substrate availability (m2/ha) among sampled silvicultural treatments. Unmanaged
areas had higher levels of wood substrate (decay classes combined) than the commercial
clearcut (p = 0.045), but did not differ from the selection treatments (p = 0.730 to 0.774).
Availability of Decay Class III (p = 0.276) and Decay Class IV (p = 0.378) wood did not
differ between silvicultural treatments. However, unmanaged stands had a higher area of
Decay Class V wood than the selection (p < 0.001) or commercial clearcut treatments (p
= 0.001).

2

Area Covered By Wood (m / ha)

140

Decay Class III
Decay Class IV

120

Decay Class V

100

Total

80
60
40
20
0
SC05

SC20

CC

UN

Figure 1.3: Downed wood (m2/ha) + 1 SE for four treatments in central Maine. (UN:
unmanaged stands).
1.3.2 Seedling Densities
A Wilcoxon Test for Paired Treatments revealed substrate-specific patterns in
seedling density, as follows:
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Hemlock: Hemlock seedlings ≤ 0.1 m in height were significantly more abundant on
wood than adjacent forest floor in all treatments (p < 0.10), while hemlock between 0.1 to
1.3 m were more abundant on wood than forest floor plots in the 20-year selection (p =
0.090) and unmanaged stands (p < 0.001) only (Figure 1.4). In the commercial clearcut,
hemlock seedlings were found only on decaying wood.
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Forest Floor

*

12
9

*

Seedling Density (stems/m2)
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3
0
SC05

SC20

CC

UN
(B)
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*

4
3
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*

1
0
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Figure 1.4: Eastern hemlock seedling densities on wood and paired forest floor plots for
(A) seedlings ≤ 0.1 m in height and (B) seedlings > 0.1 m but < 1.3 m in height.
Significant differences (p < 0.1) in seedling densities between paired microsites are
shown with an (*).
Red spruce: Red spruce seedlings ≤ 0.1 m in height were significantly more abundant
on wood than paired forest floor plots in the 5-year selection (p = 0.001), 20-year
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selection (p = 0.008), and unmanaged stands (p < 0.001) (Figure 1.5). Spruce 0.1 to 1.3 m
in height were more abundant on wood than forest floor plots in the 20-year selection (p
= 0.093) and unmanaged stands (p = 0.001), but not in the 5-year selection (p = 0.263).
Spruce seedling densities did not differ between wood and the forest floor plots in the
commercial clearcut treatment (p = 0.317).
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Figure 1.5: Red spruce seedling densities on wood and paired forest floor plots for (A)
seedlings ≤ 0.1 m in height and (B) seedlings > 0.1 m but < 1.3 m in height. Significant
differences (p < 0.1) in seedling densities between paired microsites are shown with an
(*).
Balsam fir: Balsam fir demonstrated variability in seedling densities across sampled
microsites. Seedling densities in the first height class (< 0.1 m in height) were higher on
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wood (p = 0.025) than paired forest floor plots in the commercial clearcut, but
undifferentiated in the selection treatments and unmanaged stands (Figure 1.6). For the
second height class (0.1 to 1.3 m), seedling densities were higher on the forest floor in the
selection stands (p < 0.05) and unmanaged forests (p = 0.034); no differences in seedling
densities were observed for the commercial clearcut.
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Figure 1.6: Balsam fir seedling densities on wood and paired forest floor plots for (A)
seedlings ≤ 0.1 m in height and (B) seedlings > 0.1 m but < 1.3 m in height. Significant
differences (p < 0.1) in seedling densities between paired microsites are shown with an
(*).
Red Maple: Densities of red maple ≤ 0.1 m in height were lower on wood than paired
forest floor plots in the 5-year selection (p = 0.013) and unmanaged stands (p = 0.002)
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(Figure 1.7). Red maple seedlings, 0.1 to 1.3 m in height, occurred at higher densities on
forest floor (p = 0.028) than wood plots in the 5-year selection only and were
undifferentiated across the remaining treatments.
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Figure 1.7: Red maple seedling densities on wood and paired forest floor plots for (A)
seedlings ≤ 0.1 m in height and (B) seedlings > 0.1 m but < 1.3 m in height. Significant
differences (p < 0.1) in seedling densities between paired microsites are shown with an
(*).
1.3.3 Environmental Influences
NMDS analysis for all combined treatments (stress value = 14.91) did not display a
clear separation in seedling density between downed wood plots and forest floor plots in
multivariate space (Figure 1.8). Axes represent dissimilarity distance, where plots in
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close proximity to one another share common attributes (e.g. seedling density and
quantified environmental variables), and plots with large separations in multivariate
space are dissimilar.
Analysis of the influences of environmental variables on regeneration patterns
produced mixed results. No strong relationships were apparent for combined treatments
(Table 1.5), but analysis by silvicultural treatment revealed potentially notable
interactions (defined as D2 > 0.5).

Figure 1.8: Nonmetric Multidimensional Scaled (NMDS) ordination of tree seedling
density on wood and adjacent forest floor plots for four replicated treatments.
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Table 1.5: Correlation values of environmental variables in combined and individual
treatment Nonmetric Multidimensional Scaled (NMDS) ordinations as they correlate with
seedling densities between the two sampled microsites.
Variable
Percent Canopy Closure
Site Class
Topography
Time Since Harvest
Balsam Fir BA
Red Maple BA
Red Spruce BA
Eastern Hemlock BA
White Pine BA
Other Softwood BA
Other Hardwood BA

Combined D2
0.24
0.14
0.08
0.06
0.22
0.02
0.27
0.28
0.01
0.05
0.34

SC05 D2
0.02
0.18
0.54
0
0.15
0.22
0.09
0.19
0.1
0.16
0.4

SC20 D2
0.18
0.04
0.07
0.06
0.82
0.17
0.47
0.47
0.17
0.32
0.19

CC D2
0.34
0.85
0.28
0.36
0.13
0.11
0.01
0.11
0.59
0.27
0.38

UN D2
0.23
0.11
0.18
0
0.55
0.37
0.12
0.22
0.01
0.08
0.59

1.3.4 Seedling-Wood Decay Class Associations
An attempt to identify important decay classes for tolerant conifer regeneration was
made by repeating Wilcoxon Analysis by individual decay class. Decay Class III wood
supported tolerant conifer regeneration, but showed only two statistically significant
relationships; hemlock density was greater on wood than paired forest floor plots in
unmanaged stands, while density of red maple seedlings was less on wood than forest
floor plots in the 5-year selection (Table 1.6). Analysis of seedling densities on Decay
Class IV (Table 1.7) and V (Table 1.8) wood suggests relationships between these
advanced decay classes and tolerant conifer regeneration. Densities of hemlock and
spruce seedlings were highest on Decay Class IV wood (Table 1.7), though Decay Class
V wood also supported high densities of spruce and hemlock seedlings (Table 1.8).
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Table 1.6: Wilcoxon Signed Rank Test for seedling densities on Decay Class III wood
and forest floor plots. Mean seedling densities on wood or forest floor, by species and
height class, with respect to treatment, ± 1 SE in parentheses. Significance level indicated
by asterisk (*p < 0.10).
Height Class 1 (< 0.1 m) stems/m2

B. Fir
R. Maple
R. Spruce
E. Hemlock

SC05
Wood Forest
4.1
3.1
(2.8)
(1.1)
0.8
4.0*
(0.4)
(1.5)
1.9
0.4
(1.3)
(0.3)
13.2
3.0
(6.0)
(1.1)

SC20
Wood
Forest
0.7
0.0
(0.4)
0.4
1.5
(0.4)
(1.1)
0.9
1.7
(0.7)
(1.6)
2.7
0.8
(1.6)
(0.5)

CC
Wood
2.7
(1.1)
2.3
(0.9)

Forest
3.4
(1.8)
2.0
(0.9)

0.0

0.0

0.0

0.0

Wood
0.6
(0.4)
1.2
(0.8)
9.8
(5.0)
39.8*
(17.7)

UN
Forest
0.7
(0.6)
0.9
(0.5)
6.2
(4.1)
0.5
(0.3)

Height Class 2 (0.1 to 1.3 m) stems/m2

B. Fir
R. Maple
R. Spruce
E. Hemlock

SC05
Wood Forest
0.1
1.0
(0.1)
(0.6)
0.1
0.0
(0.1)
0.3
0.0
(0.3)
1.5
0.3
(1.3)
(0.1)

SC20
Wood
Forest
1.0
0.0
(0.6)
0.1
0.0
(0.1)

CC
Wood
0.3
(0.3)

Forest
0.3
(0.3)
0.3
(0.3)

0.0

0.0

0.0

0.0

0.0

0.9
(0.6)

0.0

0.0

0.0
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UN
Wood
Forest
0.0

0.0

0.0

0.0

1.6
(1.3)
4.5
(3.8)

0
0.3
(0.2)

Table 1.7: Results from Wilcoxon Signed Rank Test for Decay Class IV wood and forest
floor plots. Mean seedling densities on wood or forest floor, by species and height class,
with respect to treatment, ± 1 SE in parentheses. Significance level indicated by asterisk
(*p < 0.10).
Height Class 1 (< 0.1 m) stems/m2

B. Fir
R. Maple
R. Spruce
E. Hemlock

SC05
Wood Forest
8.1
3.5
(5.7)
(1.1)
1.3
1.7
(0.6)
(0.4)
3.7*
0.2
(2.0)
(0.1)
13.3*
1.4
(7.1)
(0.4)

SC20
Wood
Forest
2.3
1.0
(0.9)
(0.5)
0.8
1.2
(0.3)
(0.3)
3.0*
0.9
(1.4)
(0.4)
5.5*
0.9
(1.2)
(0.3)

CC
Wood
10.7
(5.5)
4.9
(1.9)
1.4
(1.3)
0.3*
(0.2)

Forest
7.3
(3.7)
2.6
(0.9)
0.2
(0.2)
0.0

Wood
1.1
(0.6)
1.8
(0.8)
13.3*
(6.6)
40.3*
(16.1)

UN
Forest
1.6
(0.6)
5.0
(2.1)
1.2
(0.5)
7.5
(2.7)

Height Class 2 (0.1 to 1.3m) stems/m2

B. Fir
R. Maple
R. Spruce
E. Hemlock

SC05
Wood Forest
0.5
0.9
(0.2)
(0.3)
0.0

0.0

0.7
(0.5)
1.4
(0.8)

0.1
(0.1)
0.8
(0.5)

SC20
Wood
Forest
0.2
0.3
(0.1)
(0.1)
0.1
0.2
(0.1)
(0.1)
0.7
0.2
(0.3)
(0.1)
1.0
0.5
(0.5)
(0.2)
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CC
Wood
0.7*
(0.4)
0.2
(0.2)

Forest

0.0

0.0

0.1
(0.1)

0.0

0.0
0.5
(0.3)

UN
Forest
0.4*
0.0
(0.2)

Wood

0.0

0.0

3.8*
(2.1)
9.6*
(4.6)

0.8
(0.4)
0.4
(0.2)

Table 1.8: Results from Wilcoxon Test of Paired Treatments for Decay Class V wood
and forest floor plots. Mean seedling densities on wood or forest floor, by species and
height class, with respect to treatment, ± 1 SE in parentheses. Significance level indicated
by asterisk (*p < 0.10).
Height Class 1 (< 0.1 m) stems/m2

B. Fir
R. Maple
R. Spruce
E. Hemlock

B. Fir
R. Maple
R. Spruce
E. Hemlock

SC05
SC20
CC
Wood Forest
Wood
Forest
Wood
Forest
3.0
3.3
4.2
1.0
11.4*
4.3
(1.8)
(1.9)
(3.4)
(1.0)
(3.3)
(1.7)
2.0
5.0
3.5
2.9
2.3
3.7
(1.2)
(2.4)
(2.1)
(1.9)
(0.7)
(1.7)
3.8*
0.3
1.6
0.2
0.0
0.0
(1.7)
(0.3)
(1.6)
(0.2)
5.2*
5.0*
0.6*
0.0
0.0
0.0
(1.8)
(2.1)
(0.3)
Height Class 2 (0.1 to 1.3m) stems/m2
SC05
SC20
CC
Wood Forest
Wood
Forest
Wood
Forest
0.4
0.3
0.8*
0.0
0.0
0.0
(0.3)
(0.3)
(0.4)
0.3
0.4
0.0
0.0
0.0
0.0
(0.3)
(0.3)
3.7
4.3
0.7
0.1
0.0
0.0
(3.6)
(3.6)
(0.7)
(0.1)
2.6
1.2
0.9
0.0
0.0
0.0
(1.3)
(0.8)
(0.5)

UN
Wood
Forest
1.4
2.0
(0.5)
(0.5)
1.3
4.4*
(0.5)
(0.8)
4.9*
1.4
(1.1)
(0.6)
9.9*
2.2
(2.1)
(0.7)

Wood
0.2
(0.1)
0.0
2.5*
(0.8)
4.2*
(1.1)

UN
Forest
0.3
(0.1)
0.1
(0.1)
0.6
(0.2)
0.3
(0.2)

1.4 Discussion
1.4.1 Wood Substrate Availability
Decay Class III, IV, and V wood occupied a relatively small percentage
(approximately 1 - 2 percent) of the forest floor in this study. This is consistent with other
studies in eastern North America (McGee and Birmingham 1997, McGee 2001, Weaver
et al. 2006) and northern Europe (Hofgaard 1993, Szewczyk and Szwagrzyk 1996), but
far less than those levels reported in the Pacific Northwest (Harmon 1987). Overall wood
availability was greater in the unmanaged stands than the treated stands. To a degree, this
difference should be expected given that an important aspect of commodity-production
silviculture is to capture mortality. This fact is most evident with Decay Class V wood;
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the other two decay classes were not differentiated by treatment. The reason for this is not
readily apparent, but may be related to silvicultural activity. Recent harvesting (within the
last 50 years) may have increased the amount of less-decayed wood in the treated stands.
Additionally, wood fragmentation from management practices (mechanized harvesting
equipment) could have accelerated structural loss to pieces of wood in the higher decay
classes of the managed stands. Indeed it has been shown that managed forests can
experience an overall decrease in downed wood availability (Hansen et al. 1991); our
study would suggest the same is true for managed forests in the Acadian region.
1.4.2 Wood-Seedling Associations
Early researchers in the eastern United States reported prolific tolerant conifer
regeneration on downed logs in unmanaged stands (Knechtel 1903, Westveld 1931).
Unlike those early studies, however, the observations in this study were recorded across a
gradient of silvicultural treatments. Despite a relative scarcity of wood as a regeneration
substrate (Chapter 2 this volume), decaying pieces of wood supported more red spruce
and eastern hemlock seedlings than adjacent forest floor. The abundance of balsam fir
and red maple seedling densities on wood was lower than on the adjacent forest floor, or
undifferentiated.
Unlike forested ecosystems of the Pacific Northwest or northern Sweden, Acadian
tolerant conifer regeneration does not appear to be exclusively dependent on decaying
wood (Harmon and Franklin 1989, Hofgaard 1993). Rather, our findings are consistent
with those of McGee and Birmingham (1997) for the Adirondack region, where density
of small seedlings (< 0.5 m) was greater on wood than adjacent forest floor plots.
Additionally, the lack of tolerant conifers in the tallest height class (> 1.3 m and often

21

included in traditional timber-oriented inventories) made analysis of substrate
associations at that scale problematic.
McGee (2001) suggests influences operating at the forest stand level (i.e. light
conditions) may factor substantially into recruitment patterns. While this link was not
established in the present study, combined interactions of tolerant conifer suppression
(Seymour and Kenefic 1998, Wu et al. 1999) and temporal changes in available substrate
(Hofgaard 1993, Chapter 2 this volume) may account for the lack of observations of
seedlings ≥ 1.3 m in height on wood. It is plausible that seeds landing on Decay Class IV
or V wood germinated successfully and recruited to unsampled sapling size classes, but
evidence of this legacy is impossible to readily identify without invasive extraction
techniques for determination of sapling age (McFee and Stone 1966). Indeed, Knechtel
(1903) noted straight lines of tolerant conifer saplings that likely had germinated on
downed wood that was no longer identifiable. Similar patterns in sapling positions were
found in this study (personal observation), but without rigorous soil analysis, these
observations are anecdotal at best. Future research should focus on recruitment patterns
into the mid-story and dominant canopy for red spruce and eastern hemlock regenerating
on downed wood.
Szewczyk and Szwagrzyk (1996) addressed recruitment patterns in Fagus-AbiesPicea forests of the Carpathian Mountains. Though they found wood as a suitable
regeneration medium for spruce and fir, recruitment into sapling size classes was called
into question because no seedlings above 25 cm were found on wood, but were abundant
on forest floor. One plausible explanation, offered by Harmon et al (1986), is that relative
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to mineral soil, nutrient levels in wood are low and may inhibit seedling growth until
roots reach the mineral soil.
Seed size may also play a role in regeneration patterns observed in this study. Small
seeds (red spruce and hemlock) might become lodged in grooves of wood easier than
larger seeds (balsam fir and red maple) (Anderson and Winterton 1996, Szewczyk and
Szwagrzyk 1996, McGee and Birmingham 1997). Additionally, small seeds have fewer
stored resources and may benefit from the moisture (Fraver et al. 2002) and nutrient
capital (Sollins 1982, Takahashi 2000, Laiho and Prescott 2004) associated with decaying
logs, though the latter has been debated within the literature (Holub et al. 2001). Of
importance, litter accumulation on logs and associations with ectomycorrhizae fungi
(Harmon et al. 1986, Harvey et al. 1987) may alleviate nutrient stresses during seedling
development (Harmon 1987 and Takahashi et al. 2000). Survival and recruitment of
germinants, however, is outside the scope of this study.
The fact that balsam fir was significantly more abundant on downed wood than
adjacent forest floor plots in the commercial clearcuts only suggests that a change in
forest floor or stand conditions has affected balsam fir regeneration dynamics. Studies on
the PEF have shown that repeated commercial clearcutting shifted stands from overstory
softwood domination to overstory hardwood domination (Sendak et al. 2003). These
changes contributed to an increased proportion of hardwood leaf litter (Chapter 2 this
volume), likely making it more difficult for seedling radical penetration to organic and/or
mineral soil. This conclusion is supported from evidence of other studies (Moore 1926)
that suggest seedling radical morphology likely determines survival across various
regeneration mediums. Small radicals and few stored nutrients within the seed capsule
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favor substrates that maintain high moisture environments (Korstian 1973). By
comparison, seeds with large radicals and stored reserves within the seed capsule allow
for penetration of otherwise formidable barriers (i.e. hardwood leaf litter) (Walters and
Yawney 1990). Finally, changes in overstory composition are also likely responsible for
the lower densities of red spruce and eastern hemlock seedlings in the commercial
clearcut.
Log size and decay stage influence whether seedlings can survive and recruit to the
mid-story and dominant canopy. Though providing a greater surface area for seeds to
land on, large pieces of wood create a substantial barrier between the root system and
nutrient-rich mineral soil, and seedlings may succumb to nutrient deficiencies (McGee
and Birmingham 1997). Furthermore, overall wood structure and residency time within a
decay class is influenced by rates of decay (Foster and Lang 1982, Sollins 1982, Laiho
and Prescott 2004). Through the evolution of decay, changes in nutrient (Laiho and
Prescott 2004) and moisture content (McFee and Stone 1966, Harmon et al. 1986, Fraver
et al. 2002) of the wood occurs. As evidenced by the present study, wood in advance
stages of decay was associated with significant differences in red spruce and eastern
hemlock seedling densities between wood and forest floor plots. The decreased internal
structure of the wood provides a moist seed bed, and also may allow easy root migration
to nutrient rich mineral soil (Narukawa and Yamamoto 2003). This finding, however, is
in contrast to that of Takahashi et al. (2000) who observed greatest seedling densities on
Decay Class III wood and decreasing densities on more decayed wood in northern
Japanese Picea-Abies forests; an apparent Picea sensitivity to available nutrients
accounted for the differences in seedling densities. They determined that Decay Class III
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wood contained more nutrients compared to more highly decayed pieces of wood. The
increase in red spruce densities with increased wood decay in the present study suggests
differences in nutrient content between the species in each forest type, a higher red spruce
tolerance to nutrient stress, or mitigating effects of litter fall (Harmon 1987) and
bryophyte mat formation on wood (Harmon and Franklin 1989). Indeed, though not
quantified in this study, many logs were covered with bryophytes (Chapter 2 this
volume). Important silviculturally, Dibble et al. (1999) identified three lobed liverwort
(Bazzania trilobata L. Gray) as an excellent predictor for habitat conducive to red spruce
regeneration in the Acadian Forest.
The NMDS ordinations did not produce a plot with distinct boundaries between the
two substrates measured in this study. For all combined treatments, there was a strong
grouping of downed wood plots along the first axis, attributed largely to the unmanaged
stands. Seedling densities were also highest within this treatment. Similar patterns were
noted for additional analysis performed for each decay class, in contrast to similar
methods employed by McGee and Birmingham (1997). In that study, however, only
seedlings < 5 Cm were included in the analysis. Though these two studies are
geographically similar, each represents distinctly different forest types. As noted earlier,
the pronounced shade tolerance of northern conifers may pose problems with lag effects
in substrate availability (old seedlings may have regenerated on substrates that are no
longer available).
Despite the evidence of a division in substrate use by many of the species in this
study, the lack of discrete separation between plot types in NMDS suggests that some
other contributing factors may determine regeneration densities among substrates within
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the manipulated stands. However, environmental variables included in this study did not
assist in elucidating patterns in the NMDS ordinations. Similarly, Maguire and Forman
(1983) failed to correlate understory herbaceous species diversity with soil pH, soil
moisture, or light levels, rather, herbaceous species’ spatial distribution correlated with
the presence of other herbaceous species. Similar relationships could be at work in this
study though many authors have suggested light conditions (Harmon 1987) and soil
moisture (Moore 1926, McGee 2001) as driving components in seedling-substrate
relationships. Indeed, this study included a range of soil site conditions and manipulated
overstory canopies. These relationships, however, did not prove significant across
treatments. The influence of topography (convex, concave, or flat) on regeneration
patterns in the 5-year selection suggests, anecdotally, that mesic soils encourage tolerant
conifer regeneration on downed woody material; regeneration was confined to wood in
very poorly drained sites, and the forest floor on well drained soils. Furthermore, soil
drainage was identified as an important environmental influence on regeneration patterns
in the commercial clearcut, but this result likely has little biological meaning. There is an
elevated ridge of well drained soils within a matrix of poorly drained sites in one
replicate of this treatment. While the correlation is high, this topographic anomaly likely
has influenced the results, as no real pattern in downed wood plots and paired forest floor
plots is evident.
In this study, site class was determined from one soil excavation per plot. However,
soil drainage can vary dramatically across the landscape (Brady and Weil 1999) and one
soil pit may not have accurately described the entire plot. Similarly, overstory light
conditions were assessed at three points per plot, yet canopy structure can create
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extremely heterogeneous conditions. These can be further complicated by ambient light
levels as light is refracted from the boles and canopies of trees (Chazdon and Pearcy
1991).
1.4.3 Silvicultural Implications
Managers interested in retaining a tolerant conifer component in the Acadian region
should give proper attention to deadwood dynamics. Though our study did not identify
wood as an exclusive regeneration substrate for red spruce and eastern hemlock, our
findings illustrated that wood is an important seedbed for these tolerant conifers (i.e.
wood supports greater seedling densities than adjacent forest floor plots). We suggest that
managers incorporate a goal for area of forest floor covered by wood to fall within
natural baseline ranges reported for the Northeastern forests of 3 to 6 percent (McGee and
Birmingham 1997, McGee 2001). Maintaining these levels will facilitate a degree of
control on species composition throughout the stand, and may reduce the need for control
of non-target species such as red maple. Red maple has numerous adaptations that make
it a superb competitor throughout its range (Abrams 1998), but, as shown in this study,
does not benefit from available wood substrates.
1.5 Conclusion
Total wood availability (as a percent of the forest floor) was comparable to a broad
spectrum of global geographic locations reported in earlier studies. Not all decay class
levels were similar across all treatments, most likely reflecting differences in silvicultural
treatments. Multiple lines of evidence suggest that wood is an important regeneration
substrate for red spruce and eastern hemlock < 1.3 m in height. Low correlations were
found between the environmental variables selected for this study and seedling
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distribution between the forest floor and downed wood. However, given the ability of
these species to persist in suppressed conditions for many years (Seymour and Kenefic
1998, Wu et al. 1999), there is some question about accuracy in identifying substrates for
older seedlings (Hofgaard 1993, Chapter 2 this volume). Studies directed at recruitment
patterns of seedlings on wood and forest floor to the mid- and upper canopy are needed.
In the interim, landowners and foresters interested in maintaining a red spruce and/or
eastern hemlock component in stands within the Acadian Forest should consider dead
wood retention and recruitment when crafting management plans. Advanced stages of
decay provide the best seedbeds, but management should also focus on recruitment to the
least decayed classes to ensure adequate regeneration mediums in the future.
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Chapter 2
REGENERATION SUBSTRATE ASSOCIATIONS OF FOUR ACADIAN
SPECIES AS INFLUENCED BY SILVICULTURAL TREATMENT
2.1 Introduction
Seedling survival is determined by complex interactions among biotic and abiotic
factors (Grubb 1977). Individuals are competing for nutrients, water, and light; essential
among these is a suitable seedbed that provides all or some combination of those
resources. Substrate availability in forests of the eastern United States is regulated by
many mechanisms including geologic history (Westveld 1953, Hart 1963), disturbance
patterns (Jonsson and Esseen 1990), land use activities (Fenton et al. 2003), and
microclimatic variability (Place 1955, de Chantal et al. 2006). In forests of the Northeast,
the prevailing natural disturbance patterns are small-scale, resulting from local wind
events, disease or insect infestations (Lorimer 1977, Seymour 1992, Lorimer and White
2003). To an extent, silvicultural systems can either emulate or exaggerate these effects
(Seymour et al. 2002), but together, these factors contribute to a rich assortment of
overstory light conditions and available substrates for seedling colonization (Beatty and
Stone 1985).
Fenton et al. (2003) examined understory conditions across a gradient of silvicultural
intensities in New Brunswick, Canada, and found that bryophyte communities were
sensitive to silvicultural intensity. Important silviculturally, reductions in liverworts may
indicate inadequate seedbed conditions for conifer regeneration in the Northeast (Dibble
et al. 1999). Similarly, Parker et al. (1997) examined the importance of hair cap mosses
(Polytrichum spp.) to natural white spruce (Picea glacua (Moench) Voss) regeneration in
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central Ontario, and concluded that hair cap moss mats provided an adequate seedbed for
white spruce by limiting competition and ameliorating environmental conditions.
Hornberg et al. (1997) further support the importance of bryophytes for successful spruce
regeneration, but show that microtopography plays an equally important role; elevated
microsites provided conditions for establishment and growth in swamp forests of
northern Sweden. This general pattern is supported in temperate deciduous forests of
North America by Smallidge and Leopold (1994); they found red spruce (Picea rubens
Sarg.) saplings more frequently on mounds than other microsites.
Downed woody material provides another elevated microsite and has been
extensively studied in the Pacific Northwest (Harmon et al. 1986), the Lake States
(Corinth 1999), and northern hardwood-conifer forests of upstate New York (McGee and
Birmingham 1997, McGee 2001). Seedling-substrate relationships have been observed in
conifer-mixedwood stands (Knechtel 1903, Westveld 1931), but have not been
extensively quantified within the Acadian Forest of Maine. Place (1955) performed a
preliminary study on conifer regeneration at the eastern edge of the Acadian Forest, but
restricted his assessment to substrates commonly encountered in the Canadian Maritime
Provinces.
Silvicultural applications for regeneration of many common northeastern tree species
have been extensively detailed in the Acadian region (Westveld 1953, Place 1955,
Brissette 1996, Sendak et al. 2003). However, few studies have quantified and identified
important regeneration substrates for these species or how various silvicultural treatments
may impact seedbed availability. Our research focused on four important trees species of
the Acadian Forest: red spruce, eastern hemlock (Tsuga candensis (L.) Carr), balsam fir
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(Abies balsamea L. Mill.), and red maple (Acer rubrum L.). Objectives of this study were
to quantify (1) available substrates for germination; (2) relationships between substrates
and seedling species distribution; (3) how these relationships are affected by different
silvicultural treatments; and (4) the effects of environmental conditions (i.e. soil drainage,
light environment, and overstory basal area) on those relationships.
2.2 Methods
2.2.1 Study Sites
Two replicates each of selection cutting on 5- and 20-year cycles, commercial
clearcutting, and no management (for ≥ 50 years) were investigated on the Penobscot
Experimental Forest (PEF) in the towns of Bradley and Eddington, Maine (Latitude:
N44° 52.862’; Longitude: W68° 38.882’). A third unmanaged stand on Lower Lead
Mountain Island (Latitude: N44° 51.452’; Longitude: W68° 10.374’) was sampled with
permission and cooperation from Sustainable Forestry Technologies, Inc. The
silvicultural treatments were applied by the U.S. Forest Service, Northern Research
Station as part of their long-term research; treatments were initiated between 1952 and
1957. Prior to 1950, land use activities on the PEF were not well documented, but
included a long history of periodic partial harvesting (Sendak et al. 2003, Kenefic et al.
2006). The selection stands are managed using the BDq (basal area (BA), maximum
diameter, q factor) approach (Guldin 1991) with entries on 5- and 20-year cycles,
resulting in ten and three harvests respectively. The commercial clearcut treatment is not
a silvicultural clearcut, but rather an unregulated, exploitative removal of all
merchantable timber. This treatment has been applied twice: in the 1950s and 1980s.
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For all treatments, harvesting was conducted first with horses then rubber-tired
skidders and/or processors, and trees were delimbed with slash left in the woods.
Additional information about treatments can be found in Sendak et al. 2003. Mean BA, of
trees ≥ 2 cm in diameter at breast height as determined from prism plots sampled in this
study was 25.0 m2/ha in the 5-year selection, 29.2 m2/ha in the 20-year selection, and
23.9 m2/ha in the commercial clearcut. Historical changes in BA for each treatment
illustrate the timing and intensity of harvests (Figure 2.1). Unmanaged areas on Lead
Mountain Island and outside the Forest Service’s experimental area on the PEF had BA
ranging from 43.5 to 52.1 m2/ha; no long-term inventory data are available for
unmanaged areas used in this study.
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Figure 2.1: Graphs of BA (m2/ha) before and after harvests for 5-year selection (SC05),
20-year selection (SC20), and commercial clearcut (CC) on the Penobscot Experimental
Forest (PEF). Treatments were not simultaneously administered, and inventories have
been standardized to reflect time since initial treatment. Treatment abbreviations apply
throughout.
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2.2.2 Data Collection
Each stand was gridded on a 25-m interval and data points randomly chosen for
sampling. At chosen grid points, a 0.04-ha plot was established and 1.0-m2 quadrats were
positioned at the end of four 10-m axes from plot center (Figure 2.2). The number of
plots sampled per treatment was area-dependent, with a goal of capturing 5 percent of the
stand.
1

10m

4

5

2

20m

3

Figure 2.2: Schematic of plot design.
At plot center, slope and aspect (if slope was >10 percent) were recorded, and site
class assigned based on depth to mottling (redoximorphic features) as determined from a
soil excavation. Site class was assigned using a modified version of the Briggs (1994) site
classification scheme (Table 2.1); site classes 1 and 2 under the original Briggs (1994)
scheme were combined for this study. Overstory BA was determined using a 10-BAF
prism and all stems > 2 cm dbh recorded by species and dbh. BA values were later
converted to metric units.
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Table 2.1: Sites classes categories, modified from Briggs (1994).
Site Class

Description

Depth to Mottling as
Measured From Below
the O Horizon

1

Well to Moderately
Well Drained

> 16"

2

Somewhat Poorly
Drained

8"-16"

3

Poorly Drained

4"-8"

4

Very Poorly Drained

< 4"

2.2.3 Quadrat Parameters
Three 1.0-m2 quadrats were randomly sampled at each plot, and were averaged to
give plot-level values (Figure 2.2). Quadrats dominated by saplings (trees > 0.5 m but
less than 2.0 m in height) that overtopped seedlings < 0.5 m were not sampled. Quadrats
with this condition were moved 1.0 meter closer to plot center, repeatedly, until no
overtopped seedlings were observed. In circumstances where an entire sampling unit was
located in a dense regeneration thicket, another randomly selected plot was chosen for
sampling. This action resulted in relocation of 33% of plots in the 5-year selection, 16%
in the 20-year selection, and 13% in the commercial clearcut. No plot relocations were
necessary in the unmanaged treatments.
Digital hemispheric photographs were taken at each quadrat to determine overstory
light conditions (expressed as percent canopy closure) and analyzed with Gap Light
Analyzer (GLA) software (Frazer et al. 1999). As necessary, digital images were adjusted
using Adobe® software and a threshold of 170 pixels was applied to all images in the
GLA software. The effective horizon (angle) established for each image was set at 90°.
Within each quadrat, percent cover of available regeneration substrate was
determined. Available substrate was classified as: leaf litter, bryophytes, wood, bare rock,
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or mineral soil (See Table 2.2 for details within each category). Species and height of all
seedlings ≤ 0.5 m in height were recorded and substrate of germination determined based
on the location of the hypocotyl region (Parent et al. 2003). Seedlings were identified for
laboratory analysis of age.
2.2.4 Laboratory Analysis
Seedlings were aged using a Velmex microscope to count rings at the stem’s
hypocotyl region (procedures followed established protocol by Parent et al. 2002, Parent
et al. 2003). Given the extreme shade tolerance of many Acadian species (Seymour and
Kenefic 1998, Wu et al. 1999) it is possible that seedlings persisted in suppressed
conditions for years, thus allowing seedling germination in now-absent seed beds. To
minimize this complication, seedlings > 25 years old were eliminated from statistical
analysis.
Table 2.2: Regeneration substrate categories measured in 1.0-m2 quadrats.
Substrate Category

Notes

Litter

Conifer, Hardwood,
Mixedwood

Moss

Identified to genus or
species when possible

Wood

Decay class follows
Sollins (1982)

Bryophytes on Wood
Bare Rock
Bryophytes on Rock
Mineral Soil
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2.2.5 Statistical Analysis
One-way analysis of variance (ANOVA) was employed using SYSTAT (11.0)
software to test for differences in light availability (percent canopy closure) and substrate
availability (percent availability) among sampled silvicultural treatments. Conclusions of
statistical significance were evaluated using α = 0.1 due to low replication. As necessary,
post hoc tests using a Bonferroni multiple comparison were used to determine which
treatment means differed significantly.
Table 2.3: Full parameter list and corresponding abbreviations for all variables
considered in candidate model development.
Abbreviation

Parameter Full Names

BF BA

Balsam Fir Basal Area

RM BA

Red Maple Basal Area

RS BA

Red Spruce Basal Area

EH BA

Eastern Hemlock Basal Area

WP BA

Eastern White Pine Basal Area

Other HW BA

Other Hardwood Basal Area

Canopy

Percent Canopy Closure

Drainage

Site Class (see Table 2.1)

HW Litter

Percent Availability Hardwood
Leaf Litter

SW Litter

Percent Availability Softwood Leaf
Litter

MW Litter

Percent Availability Mixedwood
Leaf Litter

Bryo

Percent Availability Bryophyte
Species

Wood

Percent Wood Availability

Bryo-Wood

Percent Availability of Bryophytes
Growing on Wood

Rock

Percent Availability of Rock

Bryo-Rock

Percent Availability of Bryophytes
Growing on Rock
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Seedling abundance by regeneration substrate categories (Table 2.2) was analyzed
with a Goodness-of-Fit Test (Devore and Peck 1997) and statistical significance was
evaluated with a χ2 test statistic. Four species (balsam fir, red maple, red spruce, and
eastern hemlock) were included in the analysis.
Identification of important predictor variables for the four seedling species were
evaluated through candidate model development using SYSTAT (11.0) software.
Variables considered for candidate model development are listed in Table 2.3. Candidate
models were derived through an iterative process of (1) variable reduction by correlation
analysis (see Appendix A), (2) a priori variable reduction process by expert opinion, (3)
stepwise regression (see Appendix B); alpha levels were set at 0.1 to enter and 0.1 for
removal with interaction effects analyzed with statistical significance set at α = 0.1 a
priori., and (4) calculation of Akaike weights (wi) through Akaike Information Criteria
(AIC) (Equation 1.1) to identify the most plausible model(s) (for a full description of this
analytical approach see Appendix C and Burnham and Anderson 1998).
Seedling densities were log (x + 1) transformed to meet assumptions of multiple
linear regression.
Equation 1.1: AICc = n*ln(RSS/n)+2*K+(2*K*(K+1))/(n-K-1))
where n is the number of observations, ln is the natural logarithm, RSS is the residual
sums of squares, and K is the number of parameters (including constant and error terms)
in the model. The subscript “c” represents a small sample size (n < 100) bias adjustor
indicated in the second half of Equation 1.1 [(2*K*(K+1))/(n-K-1))] and was included in
all analyses.
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In preface, the low densities of red spruce and eastern hemlock in the commercial
clearcut excluded any statistical analysis for these two species in that treatment.
2.3 Results
2.3.1 Seedling Ages
The mean and maximum ages of sampled seedlings are shown in Table 2.4. A high
proportion of seedlings were new germinants (i.e. < 2 years old) (Figure 2.3a). Analysis
was restricted to seedlings < 25 years old, resulting in the exclusion of a number of fir (12
seedlings), spruce (17 seedling), and hemlock (14 seedlings) in the selection and
unmanaged stands (Figure 2.3b). No red maple, and no seedlings in the commercial
clearcut, exceeded 25 years of age. Plots of age (years) against height (cm) are shown for
each species in Appendix D.
Table 2.4: Average and maximum ages of seedlings sampled ≤ 0.5 m in height by
species and treatment. Note UN: unmanaged stands.
Average Age

n=

B. Fir

R. Maple

R. Spruce

E. Hemlock

554

462

227

416

B.
Fir

Maximum Age
R.
R.
E.
Maple Spruce Hemlock

SC05

7.4 (0.7)

3.1 (0.3)

12.3 (1.4)

10.8 (1.0)

35

17

37

33

SC20

4.0 (0.6)

4.0 (0.5)

9.4 (1.4)

8.7 (0.9)

27

14

22

34

CC

2.2 (0.1)

4.6 (0.3)

7.4 (2.1)

2.5 (0.7)

13

15

11

6

UN

10.0 (0.7)

2.9 (0.1)

11.5 (0.6)

7.2 (0.4)

34

9

32

38

38
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Figure 2.3a: Density of 1- and 2-year-old seedlings across treatments.
2.3.2 Environmental Conditions
Environmental conditions varied across treatments. The commercial clearcuts had the
lowest mean canopy closure of the four treatments investigated (p < 0.005, Table 2.5). By
comparison, the 20-year selection and unmanaged stands exhibited fairly consistent
canopy closure levels. Interestingly, there was a significant difference (p = 0.093) in
canopy closure between the 5-year selection and unmanaged stands, but not between the
5- and 20-year selection (p=0.281) or the 20-year selection and unmanaged treatment
(p=0.980).
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Figure 2.3b: Tree age distributions for seedlings > 2 years old and ≤ 0.5 m in height in
four treatments in central Maine.
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Table 2.5: Mean canopy cover percent, (± 1 SE) and proportional BA and site class for
all treatments as measured on sample plots.
Environmental Variables
Average Canopy Closure
BA as a Percent of Total
Area of Sampled Plots
Balsam Fir
Red Maple
Red Spruce
Eastern Hemlock
Eastern White Pine
Other Softwood
Other Hardwood
Site Class (Presented as
Proportional Distribution)
Site Class 1
Site Class 2
Site Class 3
Site Class 4

Treatment
SC20
CC

SC05

UN

82.3 (0.9)

84.9 (0.9)

77.5 (1.3)

85.5 (0.4)

15.6
8.2
16.9
48.1
5.2
3.0
3.0

16.8
5.5
24.8
38.2
1.3
4.2
9.2

42.5
20.3
2.6
1.5
1.5
4.5
27.1

1.1
7.2
27.7
51.9
2.3
6.5
3.4

66.7
33.3
0
0

63.2
10.5
21.1
5.3

70.8
0
29.2
0

92.6
7.4
0
0

Heterogeneous soil drainage patterns, typical within the Acadian region, were
observed in this study. Site class 1 (well to moderately well drained soils) dominated
plots in all treatments (Table 2.5). The 20-year selection stands are located on gently
graded slopes that recess into poorly drained soils; this was the only treatment that
included all site classes. Similarly, there is an elevated ridge of well drained soils running
through one replicate of the commercial clearcut, which sits within a matrix of poorly
drained sites. In the 5-year selection, the very poorly drained soils were often located
within dense regeneration thickets; these plots were not included in the study because of
plot location criterion selecting against plots with overtopped seedlings (see section
2.2.3). The unmanaged stand on Sustainable Forest Technologies Inc. land was located
on a ridge with fairly steep slopes that dropped off to the island boundaries. Poorly
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drained soils were located close to the shoreline, but a 20-m buffer used to avoid
environmental effects unique to island populations excluded these wet sites.
Basal area and species composition of the overstory varied among treatments. Red
spruce and eastern hemlock were nearly absent in the commercial clearcut, but form a
large portion of the dominant canopy in the uneven-aged treatments. BAs of these species
were highest in the unmanaged stands (Table 2.5). On the other hand, balsam fir and red
maple BAs were greatest in the commercial clearcuts, but much lower in the selection
treatments. Balsam fir BA was also quite low in unmanaged stands. Other softwoods,
principally eastern white pine (Pinus strobus L.), formed a modest portion of BA in the
unmanaged stands; scattered large diameter white pine (> 45 cm dbh) formed a
distinctive emergent layer.
2.3.3 Substrate Availability
Conifer litter levels were highest in treatments with conifer overstories (Table 2.6);
percent area of conifer litter was highest in the unmanaged stands (p < 0.01). Percent area
of hardwood leaf litter, on the other hand, was greatest in the commercial clearcuts (p <
0.1), where hardwoods dominated the canopy. Area covered by mixedwood leaf litter,
with approximately equal amounts of hardwood and conifer leaves, did not differ among
treatments (p = 0.133).
Numerous species of bryophytes are found in the cool moist forests of the Acadian
region. Area occupied by bryophytes was greater in the selection than commercial
clearcut and unmanaged treatments (p < 0.1, Table 2.6). The relative availability of
individual bryophyte species varied across treatments. Schreber’s moss (Pleurozium
schreberi (Brid.) Mitt.) was the most common bryophyte in the 5-year selection whereas
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various broom mosses (Dicranum spp.) accounted for a majority of the bryophytes in the
20-year selection stands (Table 2.6). Three lobed liverwort (Bazzania trilobata L. Gray),
identified by Dibble et al. (1999) as an important indicator of red spruce habitat, was
most abundant in treatments with low light understories (Table 2.5).
Table 2.6: Mean substrate availability ± 1 SE (expressed as percent of total area) for all
treatments. Significance level indicated by asterisk (* p< 0.10). A (#) excludes area
occupied by lichen and/or fungi not listed in this study.
Substrate Type

Treatment
SC20
CC

SC05

UN

Litter
Softwood
Hardwood
Mixedwood
Total

27.9 (5.2)
17.4 (4.5)
24.3 (5.0)
69.6

10.3 (3.4)
26.1 (5.1)
21.8 (4.6)
58.2

Bryophytes
Bazzania trilobata 2.2 (0.4) 6.4 (2.4)*
Dicranum spp. 9.2 (2.6) 11.8 (3.0)
Pleurozium schreberi 12.5 (3.4)* 8.4 (3.3)
Other Bryophytes 2.2 (1.6)
5.6 (1.8)
Total
26.1
32.2

6.2 (2.7)
51.3 (4.8)*
22.2 (4.7)
79.7

49.8 (4.4)*
13.0 (3.4)
10.0 (3.0)
72.8

0.1 (0.1)
5.9 (1.7)
4.5 (1.7)
1.8 (0.7)
12.3

5.6 (1.2)*
4.0 (1.1)
2.1 (1.1)
0.9 (0.4)
12.6

Wood
Decay Class I
Decay Class II
Decay Class III
Decay Class IV
Decay Class V
Total

0.8 (0.6)
0.3 (0.2)
0.5 (0.2)
0.8 (0.4)
0.4 (0.3)
2.8

0.5 (0.5)
0.7 (0.4)
3.0 (1.5)
1.4 (0.8)
1.4 (0.7)
7.0

0.0
0.5 (0.4)
0.9 (0.5)
1.0 (0.4)
1.0 (0.3)
3.4

1.1 (0.6)
1.4 (0.9)
0.9 (0.5)
2.2 (0.9)
3.6 (0.8)*
9.2

Rock

0.9 (0.3)

0.6 (0.4)

3.0 (1.4)*

1.5 (0.5)

Area Occupied By Trees

0.6 (0.3)

1.7 (1.3)

1.4 (0.6)

3.8 (1.6)

100.0

99.7#

99.8#

99.9#

Total

Relative to other substrates, wood occupied a very small percentage of the forest
floor. Percent area of wood was greater in the unmanaged than the 5-year selection and
commercial clearcut treatments (p < 0.01, Table 2.6). Analysis by decay class revealed
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that the unmanaged stands had more Decay Class V wood than the other treatments (p <
0.01, Table 2.6). Area occupied by Decay Classes I through IV wood did not differ by
treatment.
2.3.4 Seedling-Substrate Relationships
Goodness of Fit Tests and regression models were used to quantify seedling-substrate
associations. Models produced under multiple linear regression identified treatment as an
important predictor for all species (Table 2.7). Goodness of Fit Tests were then done to
provide general patterns in species distribution across substrates and treatments.
Hemlock – Hemlock abundance on wood was greater than expected and statistically
significant for the 5-year selection (χ2 = 40.5, p < 0.001), 20-year selection (χ2 = 53.4, p <
0.001) and unmanaged stands (χ2 = 97.7, p < 0.001) (Figure 2.4 and Appendix E: Tables
E.1, E.2, and E.4). Regression models (R2a = 0.68) also identified bryophyte substrate on
forest floor and bryophyte substrate on wood as important variables for predicting an
increase in hemlock seedling densities (Tables 2.7 and 2.8). On the other hand, hemlock
abundance on litter was lower than expected given the relative availability of litter for all
treatments (Figure 2.4). Patterns in hemlock regeneration densities across available
substrates are consistent with these results (Figure 2.6).
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Table 2.7: Plausible models considered in multiple regression analysis presented by
species. Models are arranged in descending Akaike weights (wi). Variable abbreviations
follow those of Table 2.3. Note that K: number of parameters (including constant and
error terms), AICc: Akaike Information Criterion with a small sample size adjustment, and ∆i:

represents the difference between the best fitting model and the ith model.
Species

Balsam Fir

Red Maple

Red Spruce

Eastern
Hemlock

Model

K

Residual
Sums of
Squares

AICc

∆i

wi

Treatment, Canopy,
Drainage, Bryo-Wood,
BFBA, RMBA, Bryo

9

5.65

-232.75

0.00

0.46

Treatment, Canopy,
Drainage, Bryo-Wood,
RMBA, Bryo

8

5.88

-231.55

1.20

0.25

8

5.90

-231.20

1.55

0.21

6

6.37

-228.95

3.80

0.07

Treatment, Bryo

4

7.50

-218.64

14.11

0.00

Treatment

3

7.97

-215.38

17.37

0.00

Treatment, Canopy,
Drainage, Bryo-Wood

6

2.83

-302.89

0.00

0.66

Treatment, Canopy, Drainage

5

2.95

-301.46

1.43

0.33

Treatment, Canopy

4

3.27

-294.10

8.79

0.01

Treatment

3

3.53

-289.56

13.32

0.00

Treatment, Bryo, Wood,
Bryo-Wood

6

2.92

-300.10

0.00

0.63

Treatment, Bryo-Wood, Bryo

5

3.03

-298.93

1.17

0.35

Treatment, Bryo

4

3.29

-293.60

6.50

0.02

Treatment

3

3.78

-283.14

16.96

0.00

Treatment, Drainage, Bryo,
Bryo-Wood

6

2.32

-321.02

0.00

0.98

Treatment, Bryo-Wood, Bryo

5

2.59

-313.22

7.81

0.02

Treatment

3

3.87

-281.18

39.84

0.00

Bryo, Bryo-Wood

4

4.58

-263.49

57.53

0.00

Treatment, Canopy,
Drainage, Bryo-Wood,
BFBA, Bryo
Treatment, Drainage, Bryo,
Bryo-Wood
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Red Spruce – Observed patterns in red spruce seedling regeneration were similar
across selection treatments (Appendix E: Tables E.1 and E.2), but differed in
regeneration substrate associations in unmanaged stands (Figure 2.4, Appendix E: Table
E.4). Though densities of spruce seedlings were greatest on bryophytes and wood (Figure
2.5) residual values in χ2 analysis showed only marginal departures between observed and
expected values for red spruce seedlings and wood availability (Figure 2.4). Similarly,
regression models (R2a = 0.40) identified wood availability as an explanatory variable in
spruce regeneration densities (Tables 2.7 and 2.8). In unmanaged stands, red spruce
abundances were well below those expected on hardwood and softwood litter while
bryophyte cover, mixedwood litter, and woody material had higher than expected
abundances (Figure 2.4, Appendix E: Table E.4).
Balsam Fir – No consistent regeneration patterns were found for balsam fir despite
consistent seedling densities across many of the regeneration substrates. Regression
models included numerous predictor variables (Tables 2.7 and 2.8), but accounted for a
small percentage of the variation (R2a = 0.28). Residual values from χ2 analysis showed
that balsam fir density on bryophytes was greater than expected and statistically
significant for the 5-year selection (χ2 = 40.5, p < 0.001) and in the commercial clearcut
(Figure 2.4 and Appendix E: Tables E.1 and E.3). For the selection treatments and
commercial clearcuts, balsam fir abundance on wood was less than expected given the
availability of wood (Figure 2.4), even though fir densities on wood were highest of all
tolerant conifers (Figure 2.5).
The importance of litter type to balsam fir regeneration varied by treatment (Figure
2.4); regeneration on conifer litter beds was greater than expected for all treatments

46

except for the 5-year selection. Similar inconsistencies were noted for hardwood and
mixedwood litter types. Interestingly, regression models predicted that increased
overstory light conditions would result in greater balsam fir seedling density (Table 2.8).
Patterns in predicted balsam fir seedling density were not consistent across drainage
class. Site class 4 was the only soil type to show an increase in balsam fir seedling
density.
Red Maple – Unlike the tolerant conifers, red maple densities were greatest on leaf
litter (Figure 2.5). Furthermore, red maple had lower than expected densities on woody
material and bryophytes in the unmanaged and uneven-aged treatments (Figure 2.4 and
Appendix E: Tables E.1, E.2, and E.4). By comparison, red maple abundances were
significantly greater (χ2 = 18.6, p < 0.001) than expected on woody material in the
commercial clearcut (Figure 2.4 and Appendix E: Table E.3). Leaf litter of all types, but
conifer litter in particular had higher than expected numbers of red maple seedlings
across all treatments even though red maple densities were greatest on hardwood leaf
litter (Figure 2.5). Regression models (R2a = 0.37) also identified soil drainage as a
predictor variable for red maple seedling density (Table 2.8). However, responses in
regeneration patterns varied with site class. The model suggests that site class 2 and site
class 4 soils favor red maple regeneration, while site class 1 and site class 3 soils
decreased red maple seedling densities.
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Figure 2.4: Residual values from χ2 analysis for balsam fir, red maple, red spruce, and
eastern hemlock abundances in selection treatments. Positive or negative residual values
reflect either strong or weak seedling-substrate relationships.
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Figure 2.4 continued: Residual values from χ2 analysis for balsam fir, red maple, red
spruce, and eastern hemlock abundances in CC and UN. Positive or negative residual
values reflect either strong or weak seedling-substrate relationships.

49

Table 2.8: Models developed from multiple linear regression and identified as most
parsimonious under AIC analysis. All densities log (x + 1) transformed.
Species

Variable
Constant
BF BA
RM BA
Bryo
Bryo-Wood
Canopy

Balsam Fir
Treatment

Site Class

Category

SC05
SC20
CC
UN
1
2
3
4

Constant
Bryo-Wood
Canopy

Red Maple

Treatment

Site Class

Red Spruce

SC05
SC20
CC
UN
1
2
3
4

Constant
Bryo
Wood
Bryo-Wood
Treatment

SC05
SC20
CC
UN

Constant
Bryo
Bryo-Wood
Eastern
Hemlock

Treatment

Site Class
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SC05
SC20
CC
UN
1
2
3
4

Coefficient
-0.658
0.007
0.013
0.005
0.011
0.013
-0.076
-0.081
0.297
-0.14
-0.33
-0.081
-0.497
0.908
1.705
-0.007
-0.012
-0.248
-0.313
-0.257
0.818
-0.166
0.018
-0.2
0.348
0.152
0.004
0.009
0.01
-0.111
-0.245
-0.219
0.575
0.533
0.004
0.02
-0.238
-0.271
-0.419
0.928
-0.164
0.006
-0.101
0.259
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Figure 2.5: Seedling Densities (stems/m2) by species across available substrates for four
replicated treatments in central Maine.
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Figure 2.5 continued: Seedling Densities (stems/m2) by species across available
substrates for four replicated treatments in central Maine.
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2.4 Discussion
2.4.1 Seedling Ages
The intent of the silvicultural treatments was to perpetuate economically important
tolerant conifers. As documented in other studies on the PEF (Brissette 1996, Seymour
and Kenefic 1998, Sendak et al. 2003), uneven-aged applications are successful in
achieving this goal. By contrast, commercial clearcuts promote low-grade hardwood
stands with few tolerant conifers in the overstory (Sendak et al. 2003). Results of this
study support those conclusions.
Observed differences in seedling age distributions among treatments is likely related
to silvicultural application. In the commercial clearcut, average age of seedlings was
much lower than the other treatments. This pattern likely reflects the absence of spruce
and hemlock seed sources, and the presence of faster growing intolerants such as grey
birch (Betula populifolia (Marsh.)) aspen (Populus spp.) and pin cherry (Prunus
penslyvanica L.) that dominate the overstory (Sendak et al. 2003). Furthermore, tolerant
conifers can experience rapid growth following release (Marshall 1927, Seymour and
Kenefic 1998, Kenefic and Seymour 1999, Wu et al. 1999), and it is possible they could
have outgrown our sampling range of ≤ 0.5 m in height. It is also important to note that
sampling did not include sapling-dominated plots. Therefore, caution should be used in
interpreting the age data further than what has been presented.
2.4.2 Substrate Availability and Environmental Conditions
Multiple lines of evidence suggest a strong treatment effect on available regeneration
substrates and light environments. Light is one of the driving factors in natural systems
(Moore 1926) and numerous studies (Chazdon and Pearcy 1991, Rambo and Muir 1998)
suggest that understory light dynamics are directly affected by overstory species
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composition. Furthermore, average canopy closure is an indirect measurement of light
that potentially reaches the forest floor. High average canopy closure values indicate
rather dark understories, whereas low average canopy closures suggest high light
environments. The lack of tolerant conifers in the commercial clearcut overstory likely
contributed to the observed high light environment in the understory. By comparison,
unmanaged stands had the greatest tolerant conifer BA with the darkest understories.
Falling between these two extremes were the two selection treatments. Differences in
canopy closure between unmanaged and 5-year selection is likely due to the many small
gaps created by frequent stand entry (Sendak et al. 2003).
Bryophytes form an important part of the understory in forests of northeastern North
America (Parker et al. 1997, Fenton et al. 2003), but are sensitive to environmental
changes (Clausen 1964, Zehr 1979). Therefore, differences in understory light dynamics
have numerous implications for bryophyte communities (Rambo and Muir 1998). Among
the species identified in this study, B. trilobata exhibits particular sensitivity to abrupt
changes in microenvironments associated with clearcuts (Sollows et al. 2001, Fenton et
al. 2003). This appears to be the case in this study; exposure to sunlight likely contributed
to low bryophyte cover in general, but B. trilobata in particular in the commercial
clearcut. By contrast, B. trilobata reached greatest percent availability under the closed
canopies of the unmanaged and 20-year selection stands. This pattern would suggest a
great degree of shade tolerance and cool moist environment required for B. trilobata and
is likely why Dibble et al. (1999) identified it as a good indicator for red spruce
regeneration.
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Disturbance intensity may also be another explanatory factor in B. trilobata substrate
differences across treatments (Jonsson and Esseen 1990). Fenton et al. (2003) recorded
losses of liverwort communities in stands experiencing substantial disturbance to the
forest floor. The long interval between stand entries in the 20-year selection and no
silvicultural activity in unmanaged stands may contribute to higher B. trilobata
abundance. While canopy cover was still high under the 5-year selection, the frequent
stand entry may have had a detrimental affect on B. trilobata abundances.
The selection stands contained the greatest overall bryophyte diversity; fine-scale
canopy manipulation associated with group- and single-tree selection likely created
heterogonous light conditions and promoted bryophyte species diversity. Furthermore, it
is suggested that bryophyte existence may be intricately related to moist substrates such
as decaying pieces of wood (McAlister 1995, Rambo and Muir 1998); Fraver et al.
(2002) demonstrated the high moisture retention of downed woody material in the
Acadian Forest of Maine.
Woody substrates occupied about 3 to 9 percent of the forest floor across treatments.
This figure is consistent with other studies in the region (McGee and Birmingham 1997,
McGee 2001), but is less than that reported in the Pacific Northwest (Harmon et al. 1986,
Harmon 1987) where large volumes of downed wood are attributed to large diameter
trees. The estimate of wood cover for this study is also higher than reported in Weaver et
al. (2006) and Chapter I, this volume. Although those two studies estimated the area
occupied by wood, they employed a different estimating method from the present study
with significant differences in wood availability between each approach (unpublished
data). Discrepancies in measurement approaches for downed woody material are noted in
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the literature (Brissette et al. 2003 and Woldendorp et al. 2004), and this inconsistency
highlights the difficulty in accurately quantifying downed woody material. However,
justifying or validating a particular sampling approach is outside the scope of this study.
The low amount of wood in the commercial clearcuts is likely due to the removal of
all merchantable timber. Though harvesting application left some slash behind (personal
observation), this wood was too small to be included in this study. Indeed, it has been
shown that removal of large diameter timber can reduce downed woody material (Hansen
et al. 1991). By contrast, there is a high availability of wood in unmanaged stands, though
this wood is not uniformly dispersed across decay classes. The larger pool of highly
decayed woody material is likely indicative of past small-scale episodic disturbances
common to the Northeast (Lorimer 1977, Seymour 1992, Seymour et al. 2002, Lorimer
and White 2003). The lower availability of wood in the selection stands likely reflects the
efficiency in these silvicultural systems in capturing mortality across the stand.
Leaf litter type was directly related to overstory species composition. The 5-year
selection and unmanaged stands had high conifer BA and abundant conifer and
mixedwood litter availability. Hardwoods were largely absent in these canopies, though
scattered red maple and other hardwood species locally influenced leaf litter mixtures.
This pattern was noticeably present within the 20-year selection, which had a fairly
substantial hardwood overstory component. Consequently, hardwood leaf litter inputs
onto the forest floor were much more pronounced. The inputs of deciduous leaf litter may
offset the acidic effects of conifer litter (Finzi et al. 1998) and allelopathic properties of
eastern hemlock foliage (Ward and McCormick 1982). In association with other litter
types (i.e. conifer litter) hardwood leaf litter may be an important component for tolerant
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conifers. In the present study, mixedwood leaf litter actually was an important predictor
variable for red spruce and balsam fir in unmanaged stands. However, hardwood leaf
litter has been identified as a barrier to conifer establishment (Moore 1926), and may be a
major contributor to seedling mortality (Koroleff 1954). This is important when
considering the commercial clearcut. Through the course of two entries, tolerant conifer
overstories have been displaced by intolerant hardwoods (Sendak et al. 2003) and the
forest floor is now dominated by hardwood leaf litter. This dramatic change in leaf
material over a fairly short time period likely has implications on forest floor moisture
and thermal dynamics (Place 1955), as well as changes in nutrient content (Finzi et al.
1998). Collectively, as will be discussed shortly, these factors influence seedling survival.
In addition to the environmental changes associated with silvicultural prescriptions,
the actual treatment likely impacts substrate availability. For example, mechanized
machinery likely exposed the rock in the shallow soils of the commercial clearcut.
Exposed bare rock is not considered a potential regeneration substrate, but still represents
an important component of the ground cover in these forests. The more surface area
occupied by rock, the greater the competition for remaining substrate. Furthermore, the
switch to mechanized machinery likely has important effects on soil bulk density and
drainage patterns (Brady and Weil 1999) and also may lead to reductions in volume of
downed wood through mechanical crushing (Hansen et al. 1991), which in turn may
affect bryophyte communities (McAlister 1995, Rambo and Muir 1998, Fenton et al.
2003).
A final consideration on factors influencing substrate availability may be the large,
widely scattered white pine. In general, white pine BA accounted for a very small
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percentage BA. However, mature white pine often form a distinct super canopy (Wendel
and Smith 1990), and indeed the white pine present in the study area tended to be large
emergents (personal observation). Their influence on regeneration microsites was likely
substantial at very small spatial scales. Leaf litter inputs and locally unique overstory
light conditions are two obvious influences. Furthermore, sensitivity to subtle changes in
the light regime and moisture conditions from white pine canopies could also potentially
influence bryophyte species richness and abundance.
Mineral soil was noticeably absent as a recorded available substrate. However, a time
lag effect in substrate availability was noticed for mineral soil in this study. Under a few
circumstances, seedlings appear to have germinated in what was once exposed mineral
soil. At the time of this study, however, available substrate had changed and could not be
classified as exposed mineral soil. Under the few circumstances this occurred, seedlings
exceeded the 25 year-old age threshold (See Section 2.2.4) and were excluded from
analysis. This supports Knechtel (1903) and Lyford and MacLean (1966), suggesting that
mineral soil is a relatively minor component of many Acadian Forest systems. Given this
reality, other substrates must play an important role in tolerant conifer regeneration.
2.4.3 Seedling-Substrate Associations
Red Spruce – Selection cutting emulates the prevailing disturbance patterns in the
Northeast of small-scale gap openings (Seymour et al. 2002) to which many northeastern
tolerant conifer life strategies have adapted (Blum 1990). In the case of red spruce,
regression analysis indicates that woody material appears to be an important substrate for
establishment in selection systems. McGee and Birmingham (1997) noted similar
regeneration patterns in spruce-northern hardwood stands of New York, although they
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restricted their analysis to seedlings ≤ 5 cm in height. Though the actual nutrient content of
decaying wood has been debated in the literature (Holub et al. 2001), input from litter
(Harmon 1987) and associations with ectomycorrhizae fungi (Harmon et al. 1986,
Harvey et al. 1987) have been shown to be important nutrient sources for species growing
on downed wood. Wood also provides an elevated microsite (Harmon et al. 1986) and
geometric shape that allows for leaf litter shedding (Christy and Mack 1984) that may
otherwise smother spruce regeneration (Koroleff 1954). For unmanaged conditions, χ2
analysis indicates that bryophyte cover appears to be an important seedbed for red spruce.
The closed canopy of the unmanaged stands supported abundant populations of shadetolerant liverworts. It has already been established that B. trilobata is an important
indicator of successful red spruce regeneration (Dibble et al. 1999). As a competitive
mechanism, regeneration within bryophyte mats may provide protection from damage
associated with frost heaving (de Chantal et al. 2006), or reduce interspecies competition
due to limited growth from competing species on mosses (Parker et al. 1997).
Eastern Hemlock – Regeneration failure of eastern hemlock is a concern across most
of its range (Schmidt and Williams 1995), but is not an issue for the forests of the
Acadian region (Brissette 1996, Brissette and Kenefic 1999, Kenefic and Seymour 1999).
With the exception of the commercial clearcut, prolific regeneration occurred across all
treatments. Abundant hemlock regeneration was not observed in the commercial clearcut,
but this is likely correlated to an almost non-existent hemlock BA and unsuitable
regeneration substrates. Though appropriate silvicultural applications for hemlock
establishment are debatable (Goerlich and Nyland 1999), Lutz and Cline (1956)
established that eastern hemlock does not respond well to clearcuts. In our study,
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hemlock densities were so low for this treatment that no meaningful statistical analyses
could be performed.
In the northern conifer forests of the Northeast, selection harvests often favor eastern
hemlock over commercially valuable red spruce (Seymour and Kenefic 1998, Kenefic
and Seymour 1999), and similar patterns were observed in this study. Hemlock may
flourish under this system because of silvicultural effects on favored hemlock seedbeds.
Our study indicates that for uneven-aged silvicultural systems and unmanaged stands,
decomposing wood covered with bryophytes is an important habitat requirement for
successful hemlock establishment, and in unmanaged stands bryophytes alone are an
important hemlock seedbed.
Plasticity in morphology of hemlock roots (Godman and Lancaster 1990) likely
facilitates successful germination and establishment on bryophyte-covered wood. It has
been suggested that the vertical orientation of bryophyte shoots facilitates downward
migration of conifer roots (Parker et al. 1997). Furthermore, the raised seedbed effect of
wood, nutrient inputs (Harmon 1987), moisture retention of wood (Fraver et al. 2002),
and ameliorating site conditions of bryophytes (Parker et al. 1997) may provide a refugia
from competing species and potential herbivores (Long et al. 1998). In the Lake States of
the U.S., Borgmann et al. (1999) suggests that balsam fir facilitates hemlock recruitment
through dense refugia thickets that decrease herbivory. Similar patterns were not
observed in this study, and it is likely that hemlock and balsam fir are actually competing
for resources for survival.
Drainage also factors into predicting hemlock seedling densities. Hemlock grows best
on mesic soils (Kotar 1995, Tubbs 1995) and is often associated with moist habitats
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(Williams and Moriarity 1999). In keeping with these observations, regression models
predict seedling decreases on the most well drained soils. Inter-specific competition is
likely less intense with wetter soils and favor hemlock’s shallow rooting pattern in moist
soils (Godman and Lancaster 1990).
Balsam Fir – Historically, it is believed that balsam fir constituted a small portion of
Acadian Forest BA and that this species has benefited from management activities
throughout the last century (Seymour 1992). Our study clearly supports this hypothesis;
balsam fir BA was lowest in unmanaged stands and highest in the commercial clearcuts.
Despite these differences in overstory occupancy, no consistent habitat associations were
observed for balsam fir seedlings across treatments.
The ubiquitous distribution of balsam fir across regeneration mediums has been noted
in Canada’s boreal forest (Simard et al 1998, Simard et al. 2003). In the Acadian Forest
of Maine, balsam fir regeneration on the forest floor was quite successful in uneven-aged
and unmanaged stands. Large germinating radicals and endosperm reserves allow balsam
fir to penetrate through the leaf litter and reach mineral soil (Place 1955, Frank 1990). In
the commercial clearcuts, however, hardwoods dominated the overstory and resulted in
abundant hardwood leaf litter availability. Under this treatment, balsam fir regeneration
appears to be restricted to microsites that afford protection from hardwood leaf litter;
regeneration was relatively confined to bryophyte mats on downed woody material and
bare woody material. Bryophyte mats on top of wood may add structural stability and
provide another texture able to hold large-seeded species such as balsam fir.
Red Maple – Red maple is considered a non-target species by many silviculturists
throughout the Acadian Forest, but its prolific regeneration cannot be denied. Red maple
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occurs throughout most of eastern North America (Walters and Yawney 1990) and has
adapted to a number of growing conditions (Abrams 1998). This ability, combined with
physiological characteristics and growth patterns typical of both early and late
successional species, and few nutrient, water, and light requirements makes red maple a
formidable competitor to many target species of the Acadian Forest (Abrams 1998).
Similar to the regeneration patterns of balsam fir, however, no consistent seedlingsubstrate relationships were observed in this study.
Red maple BA was highest in the commercial clearcuts, but reached greatest seedling
densities in the unmanaged stands. The opposite trend was observed in unmanaged
stands, where high red maple seedling densities were found under a tolerant conifer
dominated canopy. Intensive silvicultural treatments seem to favor a red maple overstory,
but not red maple regeneration. This pattern is likely attributed to red maple’s tremendous
stump sprouting ability (Walters and Yawney 1990); in fact, most of the red maple trees
in the commercial clearcuts are stump sprouts (personal observation). The low red maple
BA in unmanaged stands would suggest very few seedlings survive and are recruited to
the canopy. Red maple seedlings in the unmanaged stand originated from seed and were
not of sprout origin (personal observation).
The highly disturbed understory of the commercial clearcut did produce some
interesting results. In this treatment, wood seems to be an important seedbed for red
maple, though this does not hold true for unmanaged stands. Desiccated litter substrates,
due to increased solar radiation, and an impenetrable hardwood leaf litter barrier may
make moist decaying pieces of wood a successful seedbed (Place 1955). When
considering all species in this study, red maple has the largest seeds (Walters and
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Yawney 1990); large seeded species are likely restricted in their ability to germinate in a
variety of substrates (McGee and Birmingham 1997, McGee 2001). As wood
decomposes and begins to slough (Harmon 1987), it likely exposes surfaces that can
retain large seeds. Low hardwood species survival on wood is well documented (Tubbs
1995, McGee and Birmingham 1997) and long-term survival on this regeneration
medium is not supported from laboratory-aged red maple seedlings.
2.4.4 Implications For Management
Rich tree species assemblages are characteristic of the Acadian Forest and create
challenging management conditions complicated by the ability of shade tolerants to
persist for extended periods in the seedling stage. We observed that it may take hemlock
and spruce up to three decades or more to reach 0.5 m in height. This suggests that
environmental conditions suitable for seedling establishment and early growth may not
be ideal for timely recruitment. Maintaining continuous forest cover should ensure cool
moist understories favorable to the bryophytes frequently associated with spruce and
hemlock regeneration, and retention of trees with poor vigor or decay will likely increase
downed wood recruitment. Light harvests, in keeping with natural disturbance patterns of
the Northeast (Seymour et al. 2002), should promote a conifer-dominated softwood
canopy with hardwoods mixed throughout, providing a local seed source for spruce and
hemlock as well as nutrients from scattered hardwood leaf litter senescence. Our findings
suggest that seedling growth rates may not be sufficient to sustain recruitment in all
treatments, and that release treatments may be beneficial. However, the effectiveness of
release and implications of subsequent canopy opening for new seedling establishment
are outside the scope of this study.
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2.5 Conclusion
This study indicates that silvicultural intensity affects substrates available for tolerant
conifer regeneration in the Acadian Forest. Bryophyte mats were most abundant and
diverse in selection treatments, although liverworts previously identified as important to
red spruce regeneration were most abundant in unmanaged and 20-year selection
treatments. Wood levels were lowest in the commercial clearcut and highest in
unmanaged stands. Leaf litter substrates were strongly associated with overstory species;
hardwood litter was greatest in the commercial clearcuts while conifer litter was greatest
in unmanaged stands.
Red maple and balsam fir showed no distinct regeneration substrate requirements,
and their densities can likely be indirectly controlled through the availability of substrates
conducive to hemlock and spruce regeneration. Results suggest that woody material and
bryophyte mats are important regeneration microsites for spruce and hemlock; seedling
densities of these species were lowest in treatments lacking these attributes (commercial
clearcut) and highest in treatments with abundant wood and bryophytes (unmanaged and
selection stands). Our findings support earlier reports of negative relationships between
hardwood leaf litter and tolerant conifer regeneration.
Environmental influences on regeneration patterns varied with species and across
treatments. Well- to moderately well-drained soils were associated with decreases in
balsam fir, red maple, and eastern hemlock seedling densities; we did not detect a
relationship between site class and density of red spruce regeneration in this study.
Regression models revealed no uniform responses in regeneration patterns related
directly to overstory light conditions across treatments. Furthermore, this study did not
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quantify other variables that may be affected by changes in light conditions (i.e.
evaporation rates or changes in soil temperature and moisture), but personal observations
on the effects of altered light conditions were noted in the field.
The growth strategies and extreme shade tolerance of spruce and hemlock pose
substantial challenges to foresters. However, if environmental conditions associated with
continuous canopy cover are provided (i.e. lower temperatures and increased moisture)
and management goals incorporate downed wood recruitment, then appropriate seedbeds
for red spruce and eastern hemlock should be available. Such practices will likely ensure
adequate target seedling densities, but survival and recruitment may require silvicultural
intervention and vegetation management in heavily harvested stands.
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Appendix A: Pearson Correlation Matrix
Table A.1: Pearson Correlation matrix used in variable reduction.
BF
BA

RM
BA

RS
BA

EH
BA

Other
SW
BA

Other
HW
BA

Canopy

HW
Litter

SW
Litter

MW
Litter

Bryo

Wood

BryoWood

Rock
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BF BA

1

RM BA

-0.04

1

RS BA

-0.27

-0.05

1

EH BA

-0.43

-0.20

0.38

1

0.10

-0.07

0.00

-0.05

1

0.07

-0.05

-0.28

-0.30

-0.15

1

-0.16

-0.08

0.32

0.41

0.13

-0.33

1

0.15

0.15

-0.38

-0.45

-0.15

0.49

-0.33

1

-0.22

-0.08

0.39

0.48

0.33

-0.37

0.31

-0.58

1

0.18

0.01

-0.12

-0.16

-0.12

-0.07
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1
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Wood
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0.13

1

Rock
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-0.02
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-0.10

-0.03

-0.09

1

BryoRock

0.09
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-0.16

-0.12

-0.01

0.57
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-0.13
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-0.11

-0.08

-0.11
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Other
SW BA
Other
HW BA
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Litter
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Bryo
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Appendix B: Stepwise Regression
Table B.1: Results from stepwise regression for variables included or excluded from
model development.
Species
Balsam Fir

Variables Included
BFBA, RMBA,
Treatment, Canopy,
Drainage, Bryo, BryoWood,

Variables Exclude
SW Litter, Wood, Rock,
Bryo-Rock

Red Maple

Treatment, Canopy,
Drainage, Bryo-Wood,

BFBA, RMBA, SW Litter,
Bryo, Wood, Rock, BryoRock

Red Spruce

Treatment, Bryo, BryoWood, Wood,

BFBA, RMBA, Canopy,
Drainage, SW Litter, Rock,
Bryo-Rock

Eastern
Hemlock

Treatment, Drainage,
Bryo, Bryo-Wood,

BFBA, RMBA, Canopy, SW
Litter, Wood, Rock, BryoRock
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Appendix C: Model Development
To eliminate predictive redundancy in model development, a Pearson Correlation
Matrix was examined for variable pairs that exhibited multicollinearity. Appendix A
shows the correlation matrix used in the first step of variable reduction; this matrix does
not contain variables excluded by expert opinion. Variables that demonstrated high
correlations (defined for this study with values < -0.3 or > 0.3) were considered for
removal from candidate model development; one or more of the correlated variables was
removed only if a linear relationship existed between the variables. A priori reduction by
expert opinion, the second step in the process, eliminated only two variables (Topography
and Timing of Harvest) from analysis.
Backwards stepwise regression was performed on the remaining list of explanatory
variables. Residual analysis was done to validate model assumptions; data were log (x +
1) transformed to meet regression assumptions. From the remaining predictor variables,
candidate models were developed a priori to AIC analysis based on expert knowledge of
the environmental conditions and remaining regeneration substrates. Predictor variables
were arranged in multiple combinations for candidate model development. Table B.1 in
Appendix B lists all variables included or excluded.
All models developed a priori were compared against the model that best represented
the data as determined by the Akaike weights (wi). Akaike weights (wi) that approach 1.0
are considered strong models that accurately approximate the dataset (Burnham and
Anderson 1998). For a comprehensive explanation on all methods of this application
please see Burnham and Anderson (1998).
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Appendix D: Seedling Age vs. Height
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Figure D.1: Seedling age against height for four species across all treatments.
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Appendix E: Goodness of Fit Tests
Table E.1: Contingency Table analysis of available regeneration mediums for the 5-year
selection treatments in central Maine (χ2 = 40.5, p < 0.001). Analysis was completed
using 311 trees, with α = 0.1, and df = 12.
5-year Selection Chi-Square Contingency Table
Observed Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Expected Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Chi-square Analysis
B. Fir
R. Maple
R. Spruce
E. Hemlock

Conifer
16
32
8
13
Conifer
20.86
23.30
7.99
16.86
Conifer
1.13
3.25
0.00
0.88

Litter Type
Hardwood
16
19
7
10
Litter Type
Hardwood
15.72
17.56
6.02
12.71
Litter Type
Hardwood
0.01
0.12
0.16
0.58

Mixed
20
22
5
12

All Bryophytes
41
29
11
24

All Wood
1
3
5
17

Mixed
17.83
19.92
6.83
14.42

All Bryophytes
31.74
35.45
12.15
25.66

All Wood
7.86
8.78
3.01
6.35

Mixed
0.26
0.22
0.49
0.41

All Bryophytes
2.70
1.17
0.11
0.11

All Wood
5.99
3.80
1.32
17.84

Table E.2: Contingency Table analysis of available regeneration mediums for the 20year selection treatments in central Maine (χ2 = 53.4, p < 0.001). Analysis was completed
using 233 trees, with α = 0.1, and df = 12.
20-year Selection Chi-Square Contingency Table
Observed Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Expected Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Chi-square Analysis
B. Fir
R. Maple
R. Spruce
E. Hemlock

Conifer
16
9
4
7
Conifer
12.52
7.26
3.71
12.52
Conifer
0.97
0.42
0.02
2.43

Litter Type
Hardwood
23
10
1
8
Litter Type
Hardwood
14.60
8.47
4.33
14.60
Litter Type
Hardwood
4.83
0.28
2.56
2.98
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Mixed
10
8
6
4

All Bryophytes
25
19
7
29

All Wood
7
1
6
33

Mixed
9.73
5.65
2.88
9.73

All Bryophytes
27.81
16.14
8.24
27.81

All Wood
16.34
9.48
4.84
16.34

Mixed
0.01
0.98
3.37
3.38

All Bryophytes
0.28
0.51
0.19
0.05

All Wood
5.34
7.59
0.28
16.99

Table E.3: Contingency Table analysis of available regeneration mediums for the
commercial clearcut treatments in central Maine (χ2 = 18.6, p < 0.001). Analysis was
completed using 334 trees, with α = 0.1, and df = 4.
Commercial Clearcut Chi-Square Contingency Table
Observed Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Expected Counts
B. Fir
R. Maple
Chi-square Analysis
B. Fir
R. Maple

Conifer
0.02

Litter Type
Hardwood
106
52
0
0
Litter Type
Hardwood
107.38
50.62
Litter Type
Hardwood
0.02

0.05

0.04

Conifer
10
4
0
0
Conifer
9.51
4.49

Mixed
50
7
1
3

All Bryophytes
27
12
0
0

All Wood
34
32
1
3

Mixed
38.74
18.26

All Bryophytes
26.51
12.49

All Wood
44.86
21.14

Mixed
3.27

All Bryophytes
0.01

All Wood
2.63

6.94

0.02

5.57

Table E.4: Contingency Table analysis of available regeneration mediums for the
unmanaged treatments in central Maine (χ2 = 97.7, p < 0.001). Analysis was completed
using 728 trees, with α = 0.1, and df = 12.
Unmanaged Chi-Square Contingency Table
Observed Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Expected Counts
B. Fir
R. Maple
R. Spruce
E. Hemlock
Chi-square Analysis
B. Fir
R. Maple
R. Spruce
E. Hemlock

Conifer
58
109
25
73
Conifer
49.14
75.71
52.78
87.36
Conifer
1.60
14.63
14.62
2.36

Litter Type
Hardwood
5
18
1
12
Litter Type
Hardwood
6.68
10.29
7.17
11.87
Litter Type
Hardwood
0.42
5.79
5.31
0.00
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Mixed
15
30
27
27

All Bryophytes
32
46
66
77

All Wood
25
5
26
51

Mixed
18.36
28.29
19.72
32.64

All Bryophytes
40.98
63.14
44.02
72.86

All Wood
19.84
30.57
21.31
35.27

Mixed
0.61
0.10
2.69
0.97

All Bryophytes
1.97
4.65
10.98
0.24

All Wood
1.34
21.39
1.03
7.01
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